Unlike the GroEL homologs of eubacteria and mitochondria, oligomer preparations of the higher plant chloroplast chaperonin 60 (cpn60) consist of roughly equal amounts of two divergent subunits, ␣ and ␤. The functional significance of these isoforms, their structural organization into tetradecamers, and their interactions with the unique binary chloroplast chaperonin 10 (cpn10) have not been elucidated. Toward this goal, we have cloned the ␣ and ␤ subunits of the ch-cpn60 of pea (Pisum sativum), expressed them individually in Escherichia coli, and subjected the purified monomers to in vitro reconstitution experiments. In the absence of other factors, neither subunit (alone or in combination) spontaneously assembles into a higher order structure. However, in the presence of MgATP, the ␤ subunits form tetradecamers in a cooperative reaction that is potentiated by cpn10. In contrast, ␣ subunits only assemble in the presence of ␤ subunits. Although ␤ and ␣/␤ 14-mers are indistinguishable by electron microscopy and can both assist protein folding, their specificities for cpn10 are entirely different. Similar to the authentic chloroplast protein, the reconstituted ␣/␤ 14-mers are functionally compatible with bacterial, mitochondrial, and chloroplast cpn10. In contrast, the folding reaction mediated by the reconstituted ␤ 14-mers is only efficient with mitochondrial cpn10. The ability to reconstitute two types of functional oligomer in vitro provides a unique tool, which will allow us to investigate the mechanism of this unusual chaperonin system.
(cpn10), that function together in an ATP-dependent manner to assist the folding of other proteins (8 -12) . Based on studies with the bacterial prototypes, GroEL (cpn60) and GroES (cpn10), it appears that chaperonins facilitate protein folding principally by preventing (8, 11, 13) and perhaps reversing (14 -17) kinetically favored "off-path" reactions that are apt to occur during unassisted spontaneous folding.
The chloroplast chaperonin 60 (ch-cpn60) was initially identified as an abundant oligomeric protein that transiently binds the nascent large subunits of ribulose-1,5-bisphosphate carboxylase (Rubisco) prior to their assembly into the Rubisco holoenzyme (18) . It was subsequently demonstrated that the transfer of Rubisco large subunits from the binary complex to the Rubisco holoenzyme requires MgATP (19) , and that this process is specifically inhibited by antibodies against the ch-cpn60 (20) . While the exact mechanism has not been determined, the available evidence suggests the GroEL homolog of chloroplasts is an obligatory molecular chaperone in the folding/assembly pathway of the higher plant Rubisco (reviewed in Refs. [21] [22] [23] [24] . More recent experiments with the purified ch-cpn60 have demonstrated that this protein can also assist in the folding of other proteins, through a process that requires both ATP hydrolysis and the participation of cpn10 (25) .
Like other GroEL homologs, the ch-cpn60 consists of two stacked heptameric rings with 7-fold rotational symmetry (26) . However, in contrast to bacteria and mitochondria, purified preparations of the native chloroplast protein contain two divergent subunits, ␣ and ␤ (27) (28) , that are no more similar to each other than they are to GroEL (29) . The subunit composition and structural organization of ch-cpn60 tetradecamers has not been determined experimentally. Possible organizations of the mixed oligomer include: (a) a single species consisting of one ring of ␣ subunits and one ring of ␤ subunits; (b) an equal mixture of ␣ 14-mers and ␤ 14-mers; and/or (c) an ensemble of unrestricted hetero-oligomers of the general formula ␣ x ␤ 14-x . Perhaps the best evidence that both isoforms reside in the same molecule, is the observation that ␣ subunits fail to assemble into 14-mers in Escherichia coli unless they are co-expressed with ␤ subunits (30, 31) . However, the interpretation of these experiments is not straightforward since the recombinant ␣ and ␤ subunits both formed "mixed" tetradecamers with the endogenous GroEL of the bacterial host.
The chloroplast cpn10 (ch-cpn10) represents an even greater departure from bacteria and mitochondria. Its subunit is nearly twice the size of other known cpn10s (ϳ21 kDa), and * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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consists of two complete GroES-like peptides that are fused head-to-tail through a short intervening linker (6) . Both "halves" of the molecule are highly conserved at a number of residues that are thought to be important for cpn10 function (6) , and each contains a "mobile loop" region analogous to that of GroES (32) . Despite these peculiarities, the ch-cpn10 forms oligomeric rings that resemble GroES in the electron microscope (33) , and is functionally interchangeable with the latter by a number of criteria, including the ability to assist GroEL during protein folding (6, 33) . That both domains of the chcpn10 can rescue GroES-deficient mutants when expressed individually in E. coli (33) supports our initial hypothesis that they are both active in the intact molecule, and may perform different functions that are somehow related to the two chcpn60 isoforms. Contrary to this expectation, however, the binary ch-cpn10 is not an obligate partner for the ch-cpn60, at least in vitro. During folding experiments with two different protein substrates, both GroES and mouse mt-cpn10 could effectively take its place (25) .
Although certain bacteria and mitochondria also possess multiple genes for cpn60 (24, 34, 35) , apart from plastids there are no reports of purified cpn60 14-mers that contain two divergent subunits. Likewise, immunological studies indicate that the double domain cpn10 is restricted to photosynthetic eucaryotes (25, 33) . Based on GroEL's promiscuity (36) it is sometimes assumed that cpn60s have little specificity for their protein substrates. Consequently, the possibility that the chaperonins of a particular organism or organelle have evolved in response to the proteins that they normally encounter has largely been ignored. However, the "double" nature of both chloroplast chaperonin components, cpn60 and cpn10, could reflect a selective pressure. Perhaps one of the ch-cpn60 isoforms preferentially interacts with the higher plant Rubisco or some other chloroplast protein(s) that requires "special" folding assistance (cf. Ref. 37) .
In the present study, we have cloned and overexpressed the ␣ and ␤ isoforms of the ch-cpn60 of pea (Pissum sativum) 2 , and subjected them to in vitro reconstitution experiments, alone and in combination with each other. Starting from the purified monomeric subunits, we show that it is possible to generate two different types of tetradecamers. One of these, like the authentic chloroplast protein, contains a mixture of ␣ and ␤ subunits, while the other consists solely of ␤ subunits. The formation of both types of particles requires adenine nucleotides. Although ␤ protomers can assemble into tetradecamers in the absence of ␣ subunits, in the presence of the latter they are preferentially incorporated into ␣/␤ 14-mers. In contrast, the purified ␣ protomers remain monomeric in the absence of ␤ subunits. Reconstituted ␣/␤ 14-mers and ␤ 14-mers can both assist in protein folding under non-permissive conditions. However, they do so with different efficiencies and requirements for cpn10. Taken together, our results suggest that ␣/␤ 14-mers are the predominant species in vivo and provide strong support for the notion that the two ch-cpn60 isoforms are functionally, as well as structurally, divergent.
EXPERIMENTAL PROCEDURES

Materials-[
14 C]Carbonate was from NEN Life Science Products Inc. MgATP, ADP, AMP-PCP, and AMP-PNP were from Sigma. ATP␥S was from Roche Molecular Biochemicals. The purification of GroES and the dimeric Rubisco of Rhodospirillum rubrum have been described (12) . Recombinant spinach ch-cpn10 and mouse mt-cpn10 were purified and quantitated as described in Ref. 38 . All protein concentrations in the text refer to subunit molecular masses.
Cloning and Expression of Pea Ch-cpn60 Isoforms-A gt10 cDNA library from pea was screened by hybridization, using restriction fragments from the genes that encode the ␣ and ␤ isoforms of the Brassica napus ch-cpn60 (GenBank accession numbers M35599 and M35600, respectively). The probes, consisting of nucleotides 32-844 of the ␣ subunit and nucleotides 460 -1017 of the ␤ subunit, were labeled with the Genius 2 Kit (Roche Molecular Biochemicals), according to the manufacturer's protocol. EcoRI inserts from positive clones exhibiting strong hybridization signals were subcloned into the plasmid Bluescript KS ϩ (Stratagene), and partially sequenced using custom-designed primers and either Sequenase (U. S. Biochemical Corp) or the Vent Sequencing Kit (New England BioLabs). Through this approach, cDNA inserts encoding the full-length ␣ and ␤ ch-cpn60 precursors were eventually identified and their complete nucleotide sequences were determined. To conserve journal space, the DNA sequences of these proteins are not presented, but they are available in the GenBank/ EMBL Data Bank.
For expression in E. coli, the chloroplast targeting sequences of the ␣ and ␤ ch-cpn60 precursors (28) were removed and the modified genes were cloned behind the T7 promoter. For the ␤ subunit, which has a naturally occurring NcoI site at the start of the mature protein, this entailed a 3-way ligation reaction mixture that contained a 1.5-kilobase NcoI/PstI ␤ gene fragment (nucleotides 265-1747), a 0.4-kilobase PstI/ EcoRI ␤ gene fragment (nucleotides 1748 -2157), and NcoI/EcoRI-digested pET24d(ϩ) (Novagen). The resulting construct, p␤CHEL, encodes the mature ␤ ch-cpn60 (28) , with an initiator Met at its N terminus. On the other hand, two polymerase chain reaction primers were used to remove the targeting sequence from the ␣ ch-cpn60 precursor. Primer 1 (5Ј-CCTACCGCAACATATGGCCGCTAAAGATATCG-CC-3Ј), which hybridizes to nucleotides 172-189 of the ␣ gene insert, introduced an NdeI site and initiator Met residue at the transit peptide cleavage site (28) . Primer 2, (5Ј-CGCTCTAGAACTAGTGGATCC-3Ј), which hybridizes to the Bluescript KS ϩ vector, provided a BamHI site just downstream from the protein's stop codon. The polymerase chain reaction product was cut with NdeI and BamHI and ligated into similarly digested pET24a(ϩ) (Novagen). The resulting construct, p␣CHEL, encodes the mature ␣ ch-cpn60 (28), with an initiator Met at its N terminus.
Purification of Recombinant ␣ and ␤ Ch-cpn60 Protomers-E. coli BL21(DE3), transformed with p␣CHEL or p␤CHEL, were grown and induced for protein expression as described in Ref. 39 . Unless stated otherwise, subsequent steps were performed at 0 -4°C. Cell pellets were resuspended in 2.5-3.5 volumes of 0.1 M Tris-HCl (pH 7.7), 10 mM EDTA, 1 mM dithiothreitol, 0.5 mM phenylmethanesulfonyl fluoride, and passed twice through a French pressure cell at 20,000 p.s.i. Debris was removed by centrifugation (100,000 ϫ g, 40 min), and the supernatant was carefully removed and incubated for 2 h on ice to promote the dissociation of ch-cpn60 oligomers (see below). Glycerol was then added to 5% and the cell-free extract was stored at Ϫ80°C for subsequent use; the protein concentration of the latter was ϳ25-35 mg/ml.
In the next step, the cell-free extract was rapidly thawed, diluted with an equal volume of water, and passed through a 0.2-m Acrodisc filter (Gelman Sciences, catalog number 4192). Aliquots of the filtrate (ϳ170 mg of total protein) were then applied to a Mono Q HR 10/10 column (Amersham Pharmacia Biotech) that was pre-equilibrated with 50 mM Tris-HCl (pH 7.7), 1 mM EDTA, 10 mM sodium sulfite (Buffer A). The column was developed at a flow rate of 4 ml/min (25°C) with a linear gradient (85 ml) of 0 -0.35 M NaCl (in Buffer A). Fractions eluting between ϳ195 and 225 mM NaCl (␣ ch-cpn60) or ϳ66 -100 mM NaCl (␤ ch-cpn60) were pooled, supplemented with 2.5 mM dithiothreitol and 5% glycerol, and concentrated to ϳ25 mg of protein/ml at 0°C.
Aliquots of the above material (ϳ25 mg of total protein) were then applied to a 21.5 ϫ 600-mm TSK G3000SW gel filtration column (TosoHaas), pre-equilibrated with 50 mM Tris-HCl (pH 7.5), 0.3 M NaCl. The column was developed at 4 ml/min (25°C), and fractions eluting between 30 and 32 min were pooled, supplemented with 5% glycerol, concentrated to ϳ40 mg of protein/ml, and stored at Ϫ80°C for subsequent use in reconstitution experiments. As shown below, the recombinant proteins that emerge from the gel filtration column at this position are largely monomeric, and henceforth are referred to as ␣ and ␤ protomers. 2 The final yields of purified, monomeric ␣ and ␤ ch-cpn60 were ϳ6 and ϳ4% of the total protein present in the cell-free extracts, respectively. Protein concentrations were determined as in Ref. 40 , using bovine serum albumin as a standard. Edman degradation of the purified recombinant proteins revealed that their initiator Met residues are removed in E. coli to yield the authentic mature ␣ and ␤ subunits (28) .
Reconstitution of ch-cpn60 Tetradecamers-All reconstitution reactions were conducted at 30°C in 50 mM Tris-HCl (pH 7.5), 0.3 M NaCl, 10 mM MgCl 2 , 16 mM KCl, 2 mM dithiothreitol (Buffer B); other additions are noted in the legends to tables and figures. Reconstituted 14-mers were isolated by gel filtration chromatography using a 7.5 ϫ 300-mm TSK G3000SW column (TosoHaas); the maximum volume injected was 100 l. The column was developed at 1.0 ml/min (25°C) with 50 mM Tris-HCl (pH 7.5), 0.3 M NaCl, 10 mM MgCl 2 (Buffer C), and absorption at 225 nm (or 280 nm) was monitored. The extent of reconstitution was quantitated by measuring the area under the peak corresponding to where authentic ch-cpn60 14 elutes (cf. Fig. 2B ), and comparing it to appropriate standards.
Other Methods-For electron microscopy, ch-cpn60 tetradecamers were diluted with 50 mM Tris-HCl (pH 7.5), 10 mM KCl, 10 mM MgCl 2 to 0.2 mg of protein/ml, and negatively stained with 2.5% uranyl acetate. Micrographs were recorded at a nominal magnification of 60,000 with a Philips EM420 operated at 100 kV. Chaperonin-assisted folding reactions, and Rubisco assays were essentially as described (12, 25) ; see figure legends for additional details. Proteins were analyzed by SDS-PAGE, according to the method of Laemmli (41) .
RESULTS AND DISCUSSION
Cloning, Expression, and Purification of Ch-cpn60 ␣ and ␤ Subunits-As described under "Experimental Procedures," we have cloned the full-length precursors for the ␣ and ␤ subunits of the pea ch-cpn60 and overexpressed them individually in E. coli without their chloroplast transit peptides. Similar to other plant species (24, 29) , the two isoforms are highly divergent and share only ϳ50% identity at the primary amino acid sequence level. Thus, they are no more similar to each other than they are to GroEL. As shown in Fig. 1 , the ␣ and ␤ subunits are both well expressed in E. coli, and during SDS-PAGE exhibit protomer molecular masses that are typical of other cpn60 homologs (e.g. ϳ55-60 kDa).
Preliminary gel filtration experiments with crude cell-free extracts, prepared in the absence of EDTA, revealed that recombinant ␣ ch-cpn60 was principally monomeric. In contrast, under identical conditions, recombinant ␤ ch-cpn60 was extremely heterogeneous with respect to size, and eluted during gel filtration as a mixture of species, ranging from monomers to tetradecamers. Moreover, the size distribution was not constant and varied from one preparation to the next. Further complicating the purification of this protein, the various oligomeric species did not behave in a uniform manner during subsequent chromatography steps. Fortunately, it was discovered that recombinant ␤ ch-cpn60 could be converted to a more uniform population of lower molecular weight species simply by treating the cell-free extract with 10 mM EDTA at 0°C, a strategy that greatly facilitated its purification.
As shown in Fig. 2A , the purified ␣ subunits elute as a sharp peak during gel filtration with an average molecular mass of ϳ70 kDa, suggesting that the predominant species is probably a monomer. Similar results were obtained with the purified ␤ subunits, although in this case, trace amounts of larger species were occasionally observed as a shoulder preceding the main peak. Nevertheless, it is important to note that none of the ␤ subunits elute in the columns void volume (4.6 -5.3 min), the position where GroEL and authentic ch-cpn60 14-mers would appear. For the in vitro reconstitution experiments described below, the purified recombinant ␣ and ␤ subunits following EDTA treatment and the preparative gel filtration step are simply referred to as protomers.
Reconstitution of ␤ 14-mers-It has previously been reported that urea-dissociated cpn60 tetradecamers can partially reassemble into 14-mers upon removal of the chaotrope (42-44). Mg 2ϩ ions and adenine nucleotides are both required for this reaction, and, although not accurately quantified, the extent of reconstitution depends on the initial protein concentration. However, in those studies involving the ch-cpn60, the subunit composition of the reconstituted 14-mers was not explored, nor was it determined if the reassembly of particles requires the presence of both ch-cpn60 isoforms. To gain a better understanding of the oligomerization reaction, we subjected the purified ␣ and ␤ subunits to in vitro reconstitution experiments.
Regardless of protomer concentration, neither subunit alone (Fig. 3 ) nor in combination (not shown), spontaneously assem- 1 and 2) or p␤CHEL (lanes 3 and 4) . Samples were obtained before (lanes 1 and 3) and after (lanes 2 and 4) induction. Also shown are the purified recombinant ␣ (lane 5) and ␤ (lane 6) ch-cpn60 protomers (3.5 g/lane), following the preparative gel filtration step (see "Experimental Procedures"). Analysis was by SDS-PAGE, using 15% gels and Coomassie Blue staining.
FIG. 2. ␤ Ch-cpn60 subunits assemble in the presence of ATP.
A, purified ␣ or ␤ ch-cpn60 protomers (ϳ185 M) were incubated in Buffer B for 90 min at 30°C. Aliquots of these mixtures (100 l) were then fractionated on an analytical gel filtration column equilibrated with Buffer C as described under "Experimental Procedures." The chromatographic tracings from the two runs are superimposed to facilitate direct comparison. B, the conditions were as described above, but ATP (3.2 mM) was also present during the 90-min incubation period.
bled in the absence of adenine nucleotide. More important, MgATP had no effect on the oligomeric state of the purified ␣ subunits (Fig. 2B) , which remained monomeric even at protomer concentrations as high as 350 M (Fig. 3, q) . To put this in perspective, it has been estimated that the concentration of cpn60 in the chloroplast stroma is ϳ10 mg of protein/ml (28), corresponding to about 90 M of each of the two isoforms (based on protomer). Thus, the purified recombinant ␣ subunits were unable to form stable 7-mers or 14-mers at protomer concentrations that are much greater than physiological.
In contrast, the purified ␤ subunits readily assembled into tetradecamers when provided with MgATP (Fig. 2B) , and as expected, these eluted in the void volume of the gel filtration column. Consistent with results that were previously obtained with GroEL (42), time course experiments failed to detect the buildup of any intermediate species in the transition from ␤ protomers to 14-mers. This finding, together with the dramatic sigmoidal relationship that is observed between the initial concentration of ␤ subunits and the final yield of reconstituted particles (Fig. 3, E) , clearly indicates that the ␤ assembly reaction is a highly cooperative process. The particle yields that appear in the graph presumably reflect equilibrium values, since assembly was essentially complete after 60 min, even at the lowest protomer concentration tested (Fig. 3, inset) . The reason why only 60 -70% of the original ␤ protomers are maximally incorporated into 14-mers at high protomer concentrations is not fully understood. However, attempts to assemble the residual material through a second round of reconstitution have not been successful (not shown). This suggests that the unincorporated ␤ subunits may somehow be damaged and have lost their ability to reassemble.
Cpn10 Homologs Potentiate the Assembly of ␤ 14-mersSince ch-cpn60 and ch-cpn10 form stable complexes with each other in the presence of adenine nucleotides (25, 33) , it was anticipated that the yield of ␤ 14-mers in the in vitro reconstitution reaction might be greater in the presence of a compatible co-chaperonin, especially at suboptimal concentrations of ␤ subunits. As shown in Table I (line 2) , when ␤ subunits were incubated with ATP at a protomer concentration of 30 M, the yield of particles was only about 2%. In contrast, when a stoichiometric amount of ch-cpn10 was added to the reaction mixture, the recovery of ␤ 14-mers increased 7-fold (Table I, 
line 4).
The bacterial GroES protein also potentiated the ␤ assembly reaction (Table I , line 3), although it was only about half as effective as ch-cpn10 in this regard. Surprisingly, the greatest potentiation was observed with mt-cpn10 (Table I , line 5), the GroES homolog of mammalian mitochondria. In its presence, the yield of ␤ 14-mers was 17-fold greater than in the control reaction that did not receive a co-chaperonin. Stimulation of cpn60 assembly by cpn10 has also been reported for GroEL (42) and mt-cpn60 (45) , and most likely results from a mass action effect due to the formation of stable complexes between chaperonin and co-chaperonin. It is important to note that none of the cpn10 homologs that were tested had any effect on the purified ␣ subunits (data not shown). Even at protomer concentrations as high as 330 M, in reactions that contained MgATP and an equivalent amount of co-chaperonin, there was no indication for the formation of higher order species.
Table I also reveals that ATP hydrolysis is not required for the ␤ assembly reaction (lines 5-9). ATP␥S and even ADP were able to support the formation of ␤ 14-mers, although not as effectively as ATP. Both of these compounds were previously shown to be potent inhibitors of the Rubisco folding reaction that is mediated by the chloroplast chaperonins in vitro (25) . In contrast, the assembly of ␤ 14-mers was not observed with either AMP-PNP or AMP-PCP, consistent with the much weaker inhibition of Rubisco folding that was observed with these two non-hydrolyzable ATP analogs (25) . These observations indicate that the conformational change that is necessary for the oligomerization of ␤ subunits only requires the binding of an appropriate adenine nucleotide.
The Incorporation of ␣ Subunits into 14-mers Requires ␤ Subunits-Although the purified ␣ subunits were unable to form homooligomers, they exerted an interesting effect on the ␤ assembly reaction; compare lines 3-5 with lines 12-14 in Table  I . In a reaction that contained 30 M ␤ subunits, GroES, and FIG. 3 . Cooperativity of the ATP-dependent ␤-assembly reaction. Indicated concentrations of ␣ (q) or ␤ (E) protomers were incubated for 90 min at 30°C in Buffer B containing 3.2 mM ATP. Aliquots of these mixtures (100 l) were then analyzed by gel filtration, and 14-mers were quantitated as described under "Experimental Procedures." Assembly is expressed as a percentage of the total monomeric starting material. ⌬, was identical to E, but ATP was omitted. Inset, time course of the ␤-assembly reaction. ␤ Protomers (45 M) were incubated with ATP as described above, and the extent of reconstitution was determined at indicated times. Note: the arrow at a protomer concentration of 30 M serves as a reference point for the experiments that appear in Table I. ATP, the addition of an equivalent amount of ␣ subunits increased the yield of reconstituted particles from 16 to 133 g, nearly a 10-fold stimulation of assembly. Although adding a second complement of ␤ protomers instead of ␣ protomers would also have increased the yield of particles, it is important to recall that ␣ subunits on their own undergo no assembly whatsoever. Moreover, the recovery of 14-mers in the presence of ␣ subunits is much greater than what would be expected from the addition of an extra 30 M ␤ subunits (Fig. 3) .
Similar results were obtained when ch-cpn10 (Table I , line 4 versus line 13) or mt-cpn10 (line 5 versus line 14) was substituted for GroES, although the magnitude of stimulation by ␣ subunits was not as dramatic with these co-chaperonins. While data will not be presented, it is important to note that ␣ subunits also stimulate particle assembly in the absence of a co-chaperonin when higher concentrations of both ch-cpn60 isoforms are employed. The most reasonable interpretation of these results is that ␣ subunits can only assemble into tetradecamers in the presence of ␤ subunits. The data further suggests that the incorporation of ␤ subunits into 14-mers is also stimulated by ␣ subunits, unless the additional oligomers that form when both isoforms are present consist primarly of ␣ subunits. As shown below, the latter possibility does not appear to be the case.
Structural Analysis of Reconstituted Oligomers-Reconstituted oligomers were prepared from either ␤ subunits alone or an equal mixture of ␣ and ␤ subunits. For the latter reaction, conditions were carefully chosen where the ␤ subunits on their own would undergo very little assembly as shown above. Following reconstitution, the resulting particles were isolated by gel filtration and analyzed by SDS-PAGE and EM. Electron micrographs of the all ␤ particles (Fig. 4C ) and mixed particles (Fig. 4B) reveal that both types of oligomers exhibit the well known double toroidal, tetradecameric structure that is characteristic of the natural chloroplast and bacterial cpn60 (2, 26) . At this level of resolution, both sets of reconstituted particles are morphologically indistinguishable. However, as previously reported (27, 28) , the ␣ and ␤ subunits of pea ch-cpn60 exhibit slightly different mobilities during SDS-PAGE, depending on the ratio of acrylamide to bis-acrylamide that is present in the gel. Taking advantage of this interesting anomaly we gained some useful insight into the subunit composition of the mixed particles.
As anticipated, oligomers reconstituted in the presence of ␣ and ␤ subunits contained both isoforms (Fig. 4A) . Although it is difficult to quantitate the exact ratio of ␣ and ␤ subunits in the reconstituted mixed particles, based on their relative intensities in the gel, it is evident that a significant amount of ␣ protomer was incorporated into the mixed particles. While there appear to be slightly more ␤ subunits than ␣ subunits by this criteria, an alternative explanation is that the two isoforms do not absorb Coomassie Blue to the same extent. Indeed, visual examination of the gel that is shown in Ref. 28 (Fig. 1, lane 2) reveals that authentic ch-cpn60 tetradecamers isolated from pea exhibit a similar phenomenon. When run on a 5% native polyacrylamide gel, reconstituted ␣/␤ particles migrate as a single band, with a slightly higher mobility than ␤ 14-mer particles (data not shown), ruling out the possibility of a heterogeneous population of ␤ and ␣/␤ 14-mer particles. Given the 7-fold symmetry of the mixed particles and the fact that ␣ subunits do not form higher-order structures on their own, it is tempting to speculate that ␣ subunits only form stable 7-member rings when ␤ heptamers are present to act as templates. Assuming that the interaction between the two stacked rings then stabilizes the entire structure, this scenario would certainly explain why ␣ and ␤ subunits mutually stimulate each others' incorporation into 14-mers. However, the exact stoichiometry of ␣ and ␤ subunits in native and reconstituted mixed particles remains to be determined experimentally.
Functional Analysis of Reconstituted Oligomers-The ability of reconstituted oligomers to refold acid-denatured Rubisco was examined in the presence of various cpn10 homologs. Consistent with previous results obtained with authentic pea ch-cpn60 The assembly of ␤ protomers into tetradecamers is potentiated by cpn10 homologs and ␣ protomers All reconstitution reactions were conducted in Buffer B and contained 30 M ␤ protomers. As indicated, some reactions also received: ␣ protomers (30 M), GroES (30 M), mt-cpn10 (30 M), ch-cpn10 (30 M), ATP (1.6 mM), AMP-PNP (1.6 mM), AMP-PCP (1.6 mM), ATP␥S (1.6 mM), and/or ADP (1.6 mM). After a 90-min incubation period at 30°C, aliquots of these mixtures (100 l) were analyzed by gel filtration, and tetradecamers (expressed as micrograms of protein) were quantitated as described under "Experimental Procedures." Note: the amount of ␤ subunits that were initially present in 100 l of the reconstitution reaction mixtures was 170 g.
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FIG. 4. Quaternary structure and subunit composition of reconstituted ␣/␤ and ␤ 14-mers. ␣/␤ 14-mers were assembled in Buffer B with 30 M ␣ protomers, 30 M ␤ protomers, 15 M GroES, and 3.2 mM ATP. ␤ 14-mers were assembled in Buffer B with 350 M ␤ protomers and 3.2 mM ATP. Following a 90 -180-min incubation period at 30°C, aliquots of these mixtures were subjected to gel filtration ("Experimental Procedures"), and 14-mers were collected in the columns void volume (4.7-5.4 min). The reconstituted particles were exchanged into 100 mM Hepes-KOH (pH 7.5), 10 mM magnesium acetate, 5% glycerol, and concentrated to ϳ6 mg of protein/ml at Ϫ25°C; they were then rapidly frozen to Ϫ80°C for subsequent use. A, SDS-PAGE analysis of ␣/␤ (odd lanes) and ␤ (even lanes) 14-mers; lanes 1-5 received 2.5, 1.2, 1.9, 0.9, and 1.6 g of protein, respectively. ␣ And ␤ protomers were resolved on 15% gels (27) , and stained with Coomassie Blue. B and C, electron micrographs of reconstituted ␣/␤ (panel B) and ␤ (panel C) 14-mers. Samples were prepared for EM as described under "Experimental Procedures." The bar represents 100 nm.
(25), the mixed oligomers were able to refold over 80% of the denatured Rubisco, with a half-time of 3 min. More important, Rubisco folding was achieved with equal efficiency using cpn10 from mitochondria, bacteria, or chloroplasts (Fig. 5A) , which was also observed with native particles isolated from pea (28) . In contrast, reconstituted oligomers consisting of all ␤ subunits were able to refold Rubisco only with the help of mt-cpn10 (Fig.  5B) . The folding reaction was ϳ5-fold slower than that observed with the mixed particles and resulted in a significantly lower yield of active Rubisco (ϳ60%). Taken together, these observations strongly support the notion that the reconstituted particles with ␣ and ␤ subunits are a homogeneous population of tetradecamers. If the mixed particles were contaminated with significant amounts of ␤ 14-mers, the recovery of active Rubisco with chloroplast and bacterial cpn10 should have been lower, and the time course for Rubisco folding with mt-cpn10 would be expected to be biphasic. The stringent requirement for mt-cpn10 in the Rubisco folding reaction with ␤ 14-mers is currently not understood. However, it could indicate that these artificially generated oligomers are exceptionally unstable in dilute solution in the presence of ATP (i.e. potential dissociating conditions, like in the Rubisco folding reaction), and that the complex is most effectively stabilized by mt-cpn10. Indeed, the greatest stimulation in the assembly of ␤ 14-mers was observed with the mitochondrial co-chaperonin (Table I) .
Concluding Remarks-Here, we describe for the first time overexpression, purification, and reassembly of two different types of ch-cpn60 tetradecamers. One of these contains comparable amounts of ␣ and ␤ subunits and exhibits structural and functional properties that are similar to the authentic plant protein, while the other consists entirely of ␤ subunits. Since the mixed particles are preferentially formed in the presence of ␣ subunits, the pure ␤ 14-mers probably do not exist in vivo. Indeed, ch-cpn60 oligomers purified from spinach leaves were recently shown to interact with specific antibodies to either ␣ or ␤ subunits (45) , indicating that both chaperonin proteins normally reside in the same complex. Regardless, both types of reconstituted particles in the present study facilitate Rubisco folding under non-permissive conditions, albeit with very different time courses and requirements for a co-chaperonin.
The purification/reconstitution strategy described above for ch-cpn60 offers several advantages when working with the E. coli expressed proteins, and a similar approach has been used for recombinant mammalian mt-cpn60 (46) . The fact that both ch-cpn60 and mt-cpn60 are extremely labile and dissociate to monomers at low temperature makes purification of the monomeric subunits a logical first step. In addition, any proteins that were bound to the intact chaperonin rings in the E. coli host are released during this process, and the contaminants are easily separated from the recombinant protein during monomer purification and/or reassembly of the oligomer, followed by a second round of gel-filtration chromatography.
One of the most intriguing observations in the present study is that the purified ␤ subunits can assemble into functional tetradecamers in an ATP-dependent manner. The formation of ␤ 14-mers is concentration dependent, extremely cooperative, and greatly stimulated by cpn10 homologs. In contrast, the incorporation of ␣ subunits into tetradecamers only occurs in the presence of ␤ subunits. Similar results were obtained when the homologous proteins from B. napus were expressed in E. coli, both together and individually (30, 31) : only cells expressing ␤ subunits alone, or ␣ and ␤ subunits together were found to contain fully assembled ch-cpn60 14-mers. Although this work was carried out on a background of endogenous E. coli GroEL, more recent experiments using bacculovirus vectors that direct the synthesis of the B. napus ␣ and/or ␤ subunits to the cytosol of insect cells have yielded essentially the same results. 3 Moreover, the purified ␤ and ␣/␤ oligomers that were generated in vivo exhibited the same peculiar co-chaperonin specificities in the Rubisco folding assay that were observed with the in vitro reconstituted particles (Fig. 5) .
Interestingly, the greatest stimulation of assembly occurs using the heterologous mt-cpn10, possibly indicating a tighter binding of this co-chaperonin to cpn60 oligomers. This could relate to the extreme lability of mt-cpn60, which readily dissociates to monomers (46) . A more tightly bound cpn10 may be required to maintain the structural integrity of the functional mt-cpn60. In fact, this could in part explain why mammalian mt-cpn60 works only with mt-cpn10 in the in vitro Rubisco folding reaction (5) . As already noted, structural reinforcement by mt-cpn10 might also be necessary for the function of the pure ␤ 14-mers as well. Although the mixed ␣/␤ particles are also unstable at dilute concentrations in vitro, authentic and recombinant ch-cpn60 are as functionally compatible with GroES and mt-cpn10 as with the natural partner, ch-cpn10, at least with regard to in vitro protein folding (25) . Assuming that 3 S. Hemmingsen, personal communication.
FIG. 5.
Reconstituted ch-cpn60 14-mers facilitate Rubisco folding. Reconstituted 14-mers were prepared as described in the legend to Fig. 4 . A, acid-denatured Rubisco was rapidly diluted to 87 nM into a solution (at 0°C) containing 94 mM Hepes-KOH (pH 7.5), 5 M bovine serum albumin, 2.3 mM dithiothreitol, and ␣/␤ 14-mers (5 M, based on protomer). The temperature was immediately brought to 25°C and 10 mM magnesium acetate was added. Aliquots of this mixture were then supplemented with a 2-fold molar excess of GroES (Ⅺ), spinach chcpn10 (q), or mouse mt-cpn10 (E), and folding reactions were initiated with ATP (1.9 mM). At the indicated times, reactions were stopped with hexokinase/glucose (8) and Rubisco activity was determined. OE, identical to E, but ATP was omitted. ϫ, received ATP, but no cpn10. B, reactions were as described above, but ␤ 14-mers were substituted for ␣/␤ 14-mers.
the mixed particles consist of one ring each of ␣ and ␤ subunits, it is possible that sufficient stabilization of the ␣ ring is facilitated by the other cpn10 homologs to allow the oligomer to function at full capacity. One intriguing scenario is that in vivo, the heterologous ␣ and ␤ rings interact differentially with the two tandomly linked cpn10 domains of the double ch-cpn10 homolog. However, this hypothesis remains to be proven experimentally.
The ability to generate pure ␤ 14-mers as well as native-like ␣/␤ 14-mers provides a unique tool for studying the structure/ function of chloroplast chaperonins. A detailed analysis of assembly, together with a structural analysis of oligomer composition and interaction with cpn10 homologs is currently underway in our laboratory. These studies will provide additional insight into the mechanism of oligomerization and the role of oligomeric state in chaperonin function. By combining this data with a comparative study of substrate binding and refolding by the two types of particles, a clearer picture of the chloroplast chaperonins should emerge.
